In this study we analyze the ambient levels of lead and other trace species in the bulk aerosol samples from a rural site ~70 km ESE of Beijing in spring 2005. Lead (0.28 ± 0.24 μg/m 3 , average ± standard deviation), along with several pollution-related trace elements, were enriched by over 100 fold relative to the Earth's crust. The ambient lead levels showing large synoptic variations were well-correlated with other anthropogenic pollutants (e.g., CO and SO 2 ). The Unmix receptor model resolved four factors in the aerosol composition data: a biomass burning source, an industrial and coal combustion source, a secondary aerosol source, and a dust source. The first three sources were strongest in weak southerly winds ahead of cold fronts, while the dust source peaked in strong northerly winds behind cold fronts. The second source, primarily representing emissions from industrial processes and relatively small-scale coal burning such as in home and institutional heating, was identified as the main source of ambient lead in this study. Mobile sources might also contribute to this factor, but there was no distinct evidence of emissions due to combustion of leaded gasoline, despite a correlation between lead and CO. Potential source contribution function, calculated from backward trajectories and aerosol composition, further reveals that lead observed in this study was predominantly from the populated and industrialized areas to the S and SW of Xianghe, rather than Beijing to the W. Our results and several recent studies show that the lead levels in suburban areas near big cities in China, although generally lower than those in industrial districts and urban areas, are substantial (near or above 0.15 μg/m 3 ). More extensive studies on airborne lead and its emission sources in China are called for.
Introduction
Lead (Pb), widely produced and utilized by humans for thousands of years, is also well known for its adverse health effects [U.S. Environmental Protection Agency (U.S. EPA), 2006] . Controlling measures such as the phase out of leaded gasoline have been effective in reducing ambient lead [e.g., U.S. EPA, 2007a] . The negative effects of Pb on the environment are however long-lasting: historically-emitted Pb having contaminated soil through wet and dry deposition can reenter the atmosphere as surface soil is disturbed by wind or other mechanical processes. This has been identified as an important source of ambient Pb in different areas in the U.S. [e.g., Ehrman et al., 1992; Harris and Davidson, 2005] , along with industrial processes (e.g., lead smelting, lead-acid batteries), transportation (e.g., wear of on-road vehicles, aircraft and off-road vehicles using leaded fuels), combustion (e.g., utility boilers), and waste management (e.g., incinerators) [U.S. In China, a fast emerging economic power and the most populous country of the world, lead pollution has also raised growing concerns in recent years. The phase out of leaded gasoline in China took place in 2000, with the few biggest cities (Beijing, Tropospheric Aerosols: an International Regional Experiment) [C. Li et al., 2007] . We focus in particular on lead in the aerosol samples, discussing its abundance, synoptic variation, and correlation with other elements. We also use a receptor model to identify the main sources of aerosols, and derive their contributions to ambient lead levels.
Backward trajectories are then employed to determine the potential source regions for lead. This is followed by a review of several recent studies about airborne lead and aerosol composition in China.
Methodology

Aerosol sampling
During the experiment, a high-volume aerosol sampler collected particles (no size cut) on Whatman 41 quantitative filter paper (8 by 10 in, or 20.32 by 25.4 cm), at about 15 m above ground. A manometer measures the pressure drop as the sampling flow passes through a critical orifice. The recorded pressure drop was used to calculate the flow rate, which starts at about 800 L/min initially upon filter change and drops as the filter becomes loaded with particles. Depending on aerosol loading, the total volume of air sampled by each filter ranges from 400 to 500 m 3 during the 12-hr sampling period (08:00-20:00 local time for daytime samples and 20:00-08:00 for nighttime samples).
From March 2 to April 13, 83 samples were collected along with blank samples taken every 10 days. Both exposed and blank filters were stored in a freezer until chemical analysis.
The sampling site, Xianghe (39.798ºN, 116 .958ºE, 35 m above sea level), is one of the super sites of EAST-AIRE aerosol observation network, and has been described in details elsewhere [Z. Li et al., 2007 [Z. Li et al., , 2010 . It is located in a small village with some local emission sources (e.g., residence, small boilers, and small factories), but only 5 km W of the local township (population: ~ 50,000), and 70 km ESE of Beijing, a mega city with more than 13 million residents. Throughout the experiment, it was generally cold (average temperature ~ 8 o C) and dry (average relative humidity (RH) ~ 38%), and seldom rained [C. Li et al., 2007] .
Chemical analysis
The chemical analysis of the aerosol samplers was conducted at the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS), and is briefly described here. For elemental analysis, one-eighth of the filters were first digested in concentrated AR grade HNO 3 (6 mL) and HCl (2 mL) for 40 min, using a microwave sample digestion system (PerkinElmer Life and Analytical Sciences, Inc., Model Multiwave 3000, Waltham, MA). The digestion process is based on U.S. EPA method 3052, and the recovery rate for various elements has been determined with standard soil and fly ash samples (GBW07401 and GBW08401) certified by the Administration of Quality Assurance, Inspection, and Quarantine of China (AQASIQ). The recovery rate for Al from the certified samples is ~50%, and a correcting factor of 2 is applied to the Al concentration. An inductively coupled plasma mass spectrometer (ICP-MS, Agilent Technologies, Inc., Model 7500a, Santa Clara, CA) was used to analyze elements including Be, Na, Mg, Al, K, Ca, V, Mn, Fe, Ni, Cu, Zn, As, Mo, Ag, Cd, Ba, Tl, Pb, Th, . Quality control and quality assurance procedures were routinely applied for both elemental and ion analyses. More detailed descriptions are available in other studies employing similar analysis system [Xu et al., 2007a, b; Yang et al., 2009] .
Trace gases and meteorology
Measurements of trace gases were carried out at the same site from March 2 to 26, 2005 [C. Li et al., 2007] . SO 2 was measured using a modified [Luke, 1997] commercial pulsed-fluorescence detector (Thermo Environmental Instruments, TEI Model 43C, Franklin, MA). CO concentration was determined with a modified [Dickerson and Delany, 1988] commercial (TEI Model 48, Franklin, MA) analyzer. All trace gas analyzers were calibrated with National Institute of Standards and Technology (NIST) traceable working standards before and after the field campaign. Temperature, relative humidity (RH), wind direction, wind speed, and ambient pressure were monitored with a nearby 32-m meteorology tower.
The Unmix receptor model
One commonly applied receptor modeling approach, chemical mass balance (CMB), requires a priori knowledge of the number of sources and source profiles, largely unknown for our study area. Instead we employed the EPA Unmix 6.0 model [U.S. Agency, 2007b ] to carry out a factor analysis to estimate the number of factors in the chemical composition data, as well as their contributions to different species. Unmix first determines the most probable number of factors (s) in the data matrix, using an approach known as "NUMFACT" [Henry et al., 1999] . The dimensionality of the data is then reduced to the number of factors s through singular value decomposition (SVD). Further reduction in the data dimensionality is achieved by projecting the data to a plane perpendicular to the principle axis of the s-dimensional space. Unmix then characterizes the edges of the projected data to derive source profiles, which are then used to estimate the source contributions by these factors or sources. In addition, Unmix poses non-negativity constraints on both source profiles and source contributions, although small negative values are allowed to account for analysis errors [Henry, 1997] . Similar to other factor analysis methods (e.g., Principle Component Analysis, Positive Matrix Factorization), Unmix generally requires a sizable data set. The number of samples in this study meets the Unmix recommended lower limit for sample size [U.S. Environmental Protection Agency, 2007b] , and is comparable to a few previous studies also applying the Unmix model [e.g., Larsen and Baker, 2003; Hu et al., 2006] . Several other studies used Unmix to analyze larger data sets [e.g., Chen et al., 2002; Lewis et al., 2003] .
Environmental Protection
Backward trajectories and potential source contribution function
We used National Center for Environmental Prediction (NCEP) global reanalysis data with one degree resolution and NOAA Air Resource Lab (ARL) HYSPLIT backtrajectory model [Draxler and Rolph, 2003] 
where n ij is the total number of trajectory segment endpoints (i.e., the position of the air parcel at a given time) that fall within the ij th grid cell, m ij is the number of trajectory endpoints in the same grid cell that are associated with samples having pollutant concentrations above an arbitrary criterion. To minimize the artifact due to small n ij values (grid cells with few trajectory endpoints), the PSFC ij is weighted with w ij . A function of n ij , w ij in this study was set at 1 for n ij ≥ 4, 0.85 for n ij = 3, 0.65 for n ij = 2, and 0.5 for n ij = 1, following Lucey et al. [2001] . 
Results
Abundance of major inorganic ions and elements
The statistics of water-soluble ions ( Li et al, 2007] .
Enrichment factors
Using Al as the reference element, the enrichment factor of an element X in aerosols can be calculated with the following equation:
where
is the mass ratio between X and Al in aerosols, while
is the same ratio in the crustal material, taken from Lide [1998] . The concentrations of elements in different types of soil vary, but normally by less than a factor of 5 [e.g., Chen et al., 1991] . Take K as an example, the crust K/Al ratio used in this calculation is 0.35, and the same ratio ranges from 0.29 to 0.42 for surface soil of the Gobi deserts [Xuan, 2005] .
Additionally, our sample digestion method without using HF may not recover all aluminum in aerosol samples, as discussed in section 2.2. The EF's therefore should be interpreted qualitatively rather than quantitatively. If EF x is close to one, X in aerosols mainly comes from soil sources. On the other hand if EF x is much higher than unity, X in aerosols may have important sources other than soil particles. Elements with high EF have been used as tracers of anthropogenic aerosols [e.g., Sun et al., 2005] .
Shown in Figure 1 are EF's of different elements in aerosol samples from
Xianghe. Elements abundant in the Earth's crust like Ca, Fe, and Mg generally have EF below 5, and are mostly from soil sources, although human activities, for example, construction may also release aerosols containing Ca. Compared to Ca, Mg, and Fe, the EF of K is more variable, probably due to emissions from biomass burning, which will be discussed more in section 3.5. The EF of V is close to one, showing little evidence of fuel oil combustion [Rahn, 1981] . Note that coal burning is by far the most important energy source in China [China Bureau of Statistics, 2008] . High EF's of As, Ag, Cd, and Pb indicate that they are largely derived from anthropogenic pollution sources. The element As may come from coal burning, incinerators, and smelters; Cd may be emitted from incinerators, smelters, and during manufacture of pigments [Pacyna, 1998 ]. The ambient levels of these pollution-related elements could be largely controlled by synoptic conditions, and their EF's are generally more variable than crustal elements.
Synoptic change in ambient lead levels
Time series plots of Pb and its enrichment factor are given in Figure 2 
Correlation between lead and other elements
Results of correlation of Pb with a few selected elements are given in These elements have some common sources with Pb, such as mining and processing of metals and waste incineration [e.g., Nriagu and Pacyna, 1988] . More importantly, these pollution-related trace elements may come from various sources and processes in the region that are all closely associated with anthropogenic activities. Pb is not correlated with Al, often used as a tracer of dust/soil particles [e.g., Sun et al., 2005; Wang et al., 2007] . Pb is moderately correlated with Ca (R 2 = 0.35); besides contributions from soil sources, Ca may also come from anthropogenic sources such as cement used in construction. Lime and limestone may be added during coal combustion to retain sulfur in coal. This may result in emissions of primary gypsum (CaSO 4 ) particles in the flue gas, as discussed in a companion paper employing electric microscope to study the same batch of aerosol samples [Guo et al., 2010] . Combining limestone with coal has also been shown to enhance Pb emissions in some cases; limestone may contain lead and may also increase particle emissions [Clarke, 1993] . in this factor is interesting: as already discussed, Ca-containing materials (e.g., lime and lime stone) are probably introduced during coal combustion to constrain SO 2 emissions. Gypsum, among other primary sulfate aerosols, may make up a good fraction of the total sulfate observed in this region [Guo et al., 2010] . Like Factor 1, Factor 2 also demonstrates synoptic variation (green triangles, Figure 4a ) similar to that of SO 2 and CO. Over the whole experiment, the strength of Factor 2 appears to decrease with time. The reasons may be two-fold: as temperature goes up heading from late winter into spring (Figure 2 ), the less stable atmosphere assists faster removal of primary pollutants from their sources, meanwhile demand for space heating weakens, as does small-scale coal burning. Note that we cannot completely rule out the contribution from resuspended soil particles with heavy metal contamination (e.g., previously emitted Pb deposited to soil) in this factor, although it is likely minor as our site is at least 500 m away from any major roads, and weak winds would mobilize few soil particles. Mobile source emissions in this region may also contribute to this factor: Zn has been proposed as a tracer for mobile sources after the phase out of leaded gasoline [Huang et al., 1994] , and older vehicles can still emit lead.
Unmix resolved sources
But our site is expected to be much less influenced by mobile emissions owing to its nonurban location. Zn may come from industrial sources; the existence of other species also suggests that automobiles are not likely the dominate source for this factor. To resolve a distinct mobile factor, more time-resolved samples and analysis of tracers predominantly emitted by mobile sources may be necessary. ] ratio also suggests high temperature coal combustion sources such as electricity generation. As with Factors 1 and 2, Factor 3 (blue plus, Figure 4a ) is greater ahead of cold fronts and smaller behind them. Unlike Factors 1 and 2, Factor 3 demonstrates an upward seasonal trend over time during the sampling period. This probably reflects more active photochemical activities as warmer temperature ( Figure 1 ) and stronger sunlight facilitate generation of secondary pollutants.
The high temperature coal combustion in Factor 3 also contributes to a small fraction of Pb and Zn, especially in early April when Factor 2 becomes relatively small while Factor 3 is at its peak (Figure 4c ). But the results need to be interpreted with caution due to uncertainties in Unmix. Combined, Factors 2 and 3 comprise over 90% of the Pb observed in this study. of the Unmix model, we conclude that Pb in aerosols in this study is mainly emitted from industrial processes and coal burning.
Potential source contribution function
The potential source contribution function, PSCF, calculated using Eq. 1 based on HYSPLIT-generated backward trajectories and the criterion for Pb concentration (Pb ≥ Figure 6 , confirming that the industrial emissions ( Figure 7d ) and coal combustion from that region could be the main source of our observed ambient Pb.
Discussion: atmospheric particulate lead in China
It is enlightening to compare the lead levels in Xianghe to other areas in China, although direct comparison is complicated by differences in analytical methods, sampling time, strategy, and size. Table 3 Overall, recently reported ambient Pb levels in E China are in accordance with the air quality standard of China, but sizable in both urban and suburban areas.
Conclusions
In this study bulk aerosol samples collected in Xianghe, a rural site ~70 km ESE of Beijing, in spring 2005 were analyzed for major elements and water-soluble inorganic ions. Substantial amounts of crustal elements (e.g., Al) were observed, along with considerable loadings of secondary aerosol species (e.g., nitrate). Both soil particles and anthropogenic sources contributed to aerosol loadings in this area in spring. The average concentration of lead during the experiment was 0.28 μg/m 3 , and highly enriched (average EF > 100) relative to the Earth's crust. This concentration is above the current U.S. ambient standard but below the average value seen in the U.S. when leaded gasoline was in common use. Lead levels were well-correlated with CO and SO 2 , demonstrating large variation with weather conditions. The good correlation between Pb and pollutionrelated elements suggests that the ambient lead observed in this study was mainly released from human activities. represents dust particles carried by strong northerly winds into the area, and has little influence on lead concentration. Our results that lead mainly comes from industrial processes and coal combustion instead of vehicular emissions agree with several previous studies in China involving measurements of lead isotopes [e.g., Chen et al., 2008] , and aerosol source apportionment [e.g., Bi et al., 2007; Lv et al., 2006; Sun et al., 2006] .
The potential source contribution function (PSCF) was calculated using Pb concentration, enrichment factor, and the strength of Factor 2 resolved by Unmix as criteria. High values of PSCF's were generally found in the areas to the S and SW of Xianghe, a populated and industrialized region with strong pollutant emissions [e.g., Krotkov et al., 2008; Zhang et al., 2009] Statistics, 2008] , and likely will further increase in the future. . More extensive studies of airborne lead and measurements of lead emission rates from various types of sources will be essential to better understanding and controlling lead in China. .
